the p.(Gln192 =) variant metabolizes sarin and soman more efficiently. 22 Although very few epidemiological studies have been conducted to determine the effects of the polymorphism on OP toxicity, all the published studies have reported the importance of PON1 and its allelic variants on OP susceptibility. 2, 3, 23, 24 Furthermore, these studies were conducted in various settings, used different study designs, and investigated diverse health outcomes. These investigations focused on individuals exposed to OPs through sheep dipping in the UK, 2 poisoning of persons through suicide attempts (either orally or through an injection) in Turkey, 25 OP sprayers from public health programmes in India and South African farm workers. 3, 23 However, none of these studies investigated neurobehavioral performance as an outcome of interest.
In humans, there are four major subfamilies of GSTs: alpha (A), mu (M), pi (P), and theta (T). Genetic variants of the mu (GSTM1) and theta (GSTT1) group exist and are well documented in literature. 26 The variation in these enzymes is due to gene deletions resulting in null genotypes. Individuals with the null genotypes are suspected to be more susceptible to effects of OPs due to its reduced or absent metabolizing properties. 18, 27 Four epidemiological studies have been conducted to determine whether GST (GSTM1 and GSTT1) and NAT2 DNA variants modify OP neurotoxicity and the results differ between these studies. In India, Abhishek et al. 26 found that GSTT1 played a key role in OP susceptibility but GSTM1 had no effect on DNA damage. The OP exposed individuals, with the GSTT1 null genotype showed higher DNA damage compared to those with the GSTT1 gene, present. In contrast, Godoy et al. 13 found no association between the GST (GSTT1 and GSTM1) variants and pesticide intoxication among individuals occupationally exposed to OPs in Brazil.
The remaining two studies investigated DNA damage among OP pesticide and found that GSTM1 variants played a significant role in OP susceptibility, as DNA damage was higher among individuals with the GSTM1 null genotype. 18, 19 GSTT1 and NAT2 had no effect on DNA damage caused by OP exposure. However, OP exposed individuals with the concomitant GSTM1 and GSTT1 null genotypes experienced higher levels of DNA damage than those with the positive genotypes.
Similarly, DNA damage was higher among those with the GSTM1 null genotype and the NAT2 slow acetylators. 18, 19 DNA variants in NAT2 are determinants of the capacity with which the enzyme transfers an acetyl group from acetyl coenzyme A to the nitrate group of the substrate. The NAT2 missense DNA variant, rs1799931 (NM_000015.2:c.857G>A), substitutes a Glycine (Gly) for a Glutamic acid (Gln) at position 286 of NAT2;
with the designation p.(Gly286Glu). The p.(Gly286Glu) NAT2
variant is a slow acetylator and is implicated in the rate at which
OPs are metabolized. 19 Even though South Africa is the largest consumer of pesticides in sub-Saharan Africa, only one study has investigated the modifying effect of the XME, PON1, on OP neurotoxicity in the country. 23 14 Furthermore, the farmer projects in these districts had not switched to organic methods of crop production. Lastly, the three selected districts were located close to Cape Town which facilitated data collection.
Of the 34 eligible registered farmer projects in the selected districts, 21 agreed to participate in the study. The 21 farmer projects housed 326 farmers and farm workers, all of whom agreed to participate. Written informed consent was obtained in English or
Afrikaans from everyone before the study commenced.
| Demographic and confounder information
Participants were asked to complete a questionnaire in their preferred language, administered by a trained interviewer. The questionnaire consisted of standard demographic information (gender, age, language, and education level), illnesses (any self-reported previous head injuries and psychiatric illnesses that was confirmed by a doctor), lifestyle factors (alcohol consumption, smoking, and other drugs), and socioeconomic information (possession of the following household appliances: television, electricity, computer, and a telephone landline). Cape. 29 The exposure indices that we generated using the JEM 
| Exposure information

| Neurobehavioral assessment
In the main study, neurobehavioral testing included six tests from the World Health Organization Neurobehavioral Core Test Battery (WHO NCTB) and vibration sense testing [Holtman, 2013] . We selected digit span Wechsler Ault Intelligence Scale (WAIS) and vibration testing which were frequently positively associated with exposure measurements in the main study and digit span forward, found to be commonly positively associated with OP exposure in the literature [Holtman, 2013] , as outcomes for this sub-study. The digit span forward test assess both attention and memory and is a pen and paper-based test conducted orally. The digit span WAIS score was derived by combining the totals of the digit span forward and backward tests and standardized for participant age and gender. Vibration sense testing was conducted using a 256-Hz frequency tuning fork to measure extinction according to published methods. 30 2.5 | DNA variants in XME genes 
| Statistical analysis
Univariate (histograms and contingency tables) and bivariate (box plots, scatter plots, and two tailed t-test) exploratory analysis was performed. All outcome variables (vibration sensitivity, digit span forward, and WAIS) were continuous and transformed to binary variables using the median value as the cut-off value (≤ median). Due to low observed minor allele frequencies for NAT2 rs1799931, PON1 rs662, and PON1 rs854560; persons with homozygous minor allele genotypes were grouped with heterozygotes. During statistical analyses of the study cohort, this grouping was compared to study participants who were homozygous for the major allele in each instance.
All analyses were conducted using the statistical software package, STATA 13 StataCorp. 2013. Stata Statistical Software:
Release 13. College Station, TX: StataCorp LP). The confounders were GLASS ET AL.
| 13 identified in two ways; based on a priori decisions and empirical decisions to include variables with a significant (P ≤ 0.05) association with the outcome variables. The confounders identified from the literature and included a priori were: gender, age, education, language, smoking, psychiatric illness, current alcohol consumption, previous head injury, and low socioeconomic status. 32, 33 No additional variables were included based on statistical testing.
To test for XMEs effect modification, exposure-gene interaction terms were created. These interaction variables along with the genetic variables, were included in the model. Furthermore, the models were stratified by the categories of the five XME DNA variants (GSTM1, GSTT1, NAT2 rs1799931, PON1 rs662, and PON1 rs854560) to identify any vulnerable genetic groups.
Diagnostic tests were used to assess model fit and sensitivity analysis. The tests showed that the results do not change when classifying the participants who could not identify the pesticides they were exposed to, as either exposed, non-exposed, or missing.
We ran multivariate analyses using, alternatively, continuous and categorical outcomes, and exposure variables to explore associations.
Because the results were essentially similar, only the results of the logistic regression analysis using the categorical OP pesticide exposure variables (OP applicator, 5-level categorical variable based on JEM days) are presented in the paper, as these associations were the clearest.
3 | RESULTS
| Participation
About half of the participants were from the Cape Winelands district (n = 148, 49.2%) followed by the West Coast district (n = 84, 27.9%) and few from Overberg (n = 69, 22.9%) ( Table 1) . Of the 326 participants who agreed to participate, seven did not complete the questionnaire and outcome assessment at study commencement.
Furthermore, 11 participants did not provide blood samples and an additional seven participants were excluded from the analysis due to insufficient amounts of genomic DNA. Therefore, 301 (92.3%) of the participants eligible to participate in the study was retained.
| Demographic and socioeconomic characteristics
Most participants were male (n = 204, 67.8%), Afrikaans speaking (n = 262, 87.0%) and the median age was 39 years (ranging between 30
and 48 years) ( Table 1 ). Approximately two thirds of the participants smoked and/or consumed alcohol. Less than 12.0% of the participants reported previous head injuries and 1.7% reported having a psychiatric illness. About 13.0% owned three or less items (television, landline telephone, cellular phone, fridge, or electricity) and were classified as having the lowest socioeconomic status of the participants.
| Neurobehavioral outcomes and DNA variants
The distribution of neurobehavioral performance scores are shown in Table 2 . The scores for digit span forward and digit span WAIS varied over a narrow range (5-7 and 6-8, respectively), while vibration sensitivity had a wider range (9.5-16.5).
The distribution of XME DNA variants are shown in Table 2 . Less than 20.0% of the participants had the GST null genotypes; GSTT1 (1.3%) and GS TM1 (16.0%). Few participants had the AA genotype for NAT2 rs1799931(<1.0%) (<3.0%) and the AA genotype for PON1 rs854560.
About 70.0% of the participants had the TT genotype for PON1 rs854560.
The GG genotype was predominant for the PON1 rs662 variant (45.9%). (38.9%) or as general workers (2%). Of the participants that did not work on a farm (6%), less than 1.0% worked in the industry, 3% had other forms of employment, 2% were pensioners, and less than 1.0%
| Occupational and pesticide exposure information
were unemployed. Table S1 of the Supplementary Material Section).
Furthermore, of the past and current pesticide applicators (n = 141), less than 1.0% had the GSTT1 null genotype and 14.0%
had the GSTM1 null genotype. Among the current OP applicators (n = 67), 1.5% had the GSTT1 null genotype and 16.4% had the GSTM1 null genotype. All the participants that were diagnosed with previous pesticide poisoning (n = 22) did not have the GSTT1 null genotype, but 9.1% had the GSTM1 null genotype. A summary of selected models from the logistic regression analysis results for the association between neurotoxic outcomes and OP pesticide exposure, adjusted for confounders and including XME variants/exposure interaction terms as well as XMEs and stratification by XME, is presented in Tables 4 and 5 . The models included in the tables were assessed to indicate effect modification based on the following criteria: (i) a change in the odds ratio for the exposure variable in the model containing XME interaction terms compared to the model that does not include the XME interaction terms (as presented in Table 3 ) and (ii) significant interaction terms.
The odds ratio for the relationship between OP applicator and performance on digit span forward changed from 0.7 (95%CI: 
| DISCUSSION
The results of the study provide some evidence for effect modification by rs662 (PON1), rs1799931 (NAT2), and GSTM1 on the associations of OP exposure with neurotoxic outcomes. There was a strengthened association between OP pesticide exposure and the neurotoxic outcomes, digit span forward, and vibration testing ( showed that the participants with the homozygous AA or heterozygous GA genotypes were almost three times more likely to report symptoms that were associated with chronic OP poisoning compared to those with the homozygous GG genotype (CI: 1.7-6.9). Furthermore, a cross sectional study conducted in New Delhi, India by Singh et al. 18 among OP sprayers for public health programmes and controls found participants with the AA genotype had a higher prevalence of DNA damage. 3 The second set of results indicating XME effect modification is the strengthened relationship between pesticide poisoning and impaired vibration sensitivity when adjusting for rs1799931 (NAT2). Furthermore, stratifying by the DNA variant of NAT2 showed a stronger positive relationship between OP poisoning and impaired vibration sensitivity for those with the GG genotype (known as the fast acetylator) compared to those with the GA and AA genotype (the AA genotype is the slow acetylator and considered the "risk allele"). This finding is in contrast with that of Singh et al. 19 who investigated DNA damage among OP pesticide and found that DNA damage was higher among those with the NAT2 AA genotype. However, it should be noted that few farmers had the AA and the GA genotype in our study (less than 10%).
The third finding in our study indicating effect modification by XMEs, was the reduced vibration sensitivity, due to increased OP exposure (as measured by JEM days), among those with the GSTM1
positive genotype compared to those with the null genotype. A possible explanation why vibration sense did not worsen among those Base exposure group for OP JEM days: 0 days (non-applicators), OP applicator: 1 = applicator, 0 = non applicator; past pesticide poisoning: yes = 1, no = 0. a Confounders: gender (male/female), age (≤39 years/>39 years), education (≤9 years schooling/>9 years schooling), language (Afrikaans/other language), smoking (yes/no), psychiatric illness (yes/no), current alcohol consumption (yes/no), previous head injury (yes/no), and low socioeconomic status (yes/no).
with JEM days greater than the 75th percentile could be due the healthy worker effect whereby highly exposed workers who suffered severe neurobehavioral effects left employment. In three of the four studies that investigated the effect of GST on OP neurotoxicity, the GSTM1 null genotype was associated with increased DNA damage, 13, 18, 19, 26 but there have not been studies on neurotoxicity.
The low prevalence of the GSTM1 (16%) null genotype found in our study may have produced a bias to the null.
This study did not find any evidence of effect modification by the GSTT1 and rs854560 (PON1) DNA variants. Previous studies investigating the role of the GST enzymes have produced inconsistent results. Abhishek et al. 26 found that GSTT1 modified OP exposure and DNA damage but not Singh et al. 3, 19 The prevalence null allele of GSTT1 (< 2%) in our population was, however, low. Previous epidemiological studies have found that the rs854560 (PON1) variant played a role in the modification of OP neurotoxicity. In Turkey, participants with the AA genotype for rs854560 (PON1) were more likely to suffer from OP intoxication (likelihood ratio = 4.721, P = 0.094). 25 In India, OP sprayers with the TT genotype showed higher serum paraoxonase/arylesterase 1 activity and therefore lower prevalence of DNA damage 18 However, OP exposed sheep dippers in the UK with the TT genotype were approximately three times (95% CI = 1.88-5.31) more likely to report chronic ill health compared to those with the AT and AA genotypes. The limited sample size and the low prevalence of some genotypes might explain why we did not find many statistically significant findings with respect to modification by rs662 (PON1), rs1799931 (NAT2), and GSTM1 in our study. The low prevalence of some of the OP genotypes in the population of emerging farm workers in our study might have affected the findings on effect modification. Less than 2% of the participants had the GSTT1 null genotype and there was therefore not enough variability in the sample to determine the effects of this DNA variant on OP neurotoxicity. Furthermore, the minor allele frequencies for rs1799931 (NAT2), rs662 (PON1), and rs854560 (PON1) were low.
We were therefore unable to ascertain participants homozygous for the minor alleles separate from other genotypic groups. Although the prevalence of these OP genotypes varies in different setting, those of the minor alleles were low when compared to previous studies. 2, 18, 19 The combination of genotypic groups might also have resulted in the combination of risk and non-risk alleles, which would dilute the exposure/outcome association and shift it to the null.
To our knowledge, this is the first study to look at the effects of DNA variants on the relationship between long-term OP pesticide exposure and neurobehavioral performance. Previous studies have investigated the effect of XMEs genetic polymorphisms on the relationship between OP pesticide exposure and outcomes such as such as DNA damage and poisoning symptoms. 2, 13, 18, 19, 23, 25, 26 The only significant association between long-term pesticides exposure and a neurotoxic outcome in our study, was an association between past pesticide poisoning and performance on the vibration threshold test for those participants with the GG genotype for rs1799931 (NAT2). The poisoned individuals showed a significant decrease in vibration sensitivity. Previous studies have consistently shown negative neurobehavioral effects associated with OP poisoning, 35 but not consistently with an OP exposure index that does not specifically focus on poisoning. In our study, there was a borderline significant negative association (P = 0.06) between vibration sense and OP JEM days in the 3rd quartile and dose response relationship below the 4th quartile for those with the GSTM1 gene present.
In addition to the low prevalence of some XMEs genotypes, the most important limitations of the study were the OP exposure characterization, reliance on self-reported information, and the study design. Long-term pesticide exposure information is particularly difficult to measure as the measurement is reliant on participant's TABLE 4 Summary of associations between neurobehavioral outcomes (digit span forward and vibration sense) and OP pesticide exposure adjusted for confounders a , first including XME variant and XME effect modification in the model (n = 301) and second stratified by XME variant For OP applicator: non applicator = 0, applicator = 1. Base XME genetic groups: NAT2 and PON1 rs662: GG and PON1 rs854560: TT a Confounders: gender (male/female), age (≤39 years/>39 years), education (≤9 years schooling/>9 years schooling), language (Afrikaans/other language), smoking (yes/no), psychiatric illness (yes/no), current alcohol consumption (yes/no), previous head injury (yes/no), and low socioeconomic status (yes/no).
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| 17 recollection of past pesticide use which may be subject to recall bias.
Including biomarker measures in the study able to capture cumulative exposures may enhance exposure characterization.
Information on confounders such as alcohol consumption and smoking may also be subject to a desirability bias, where individuals report to not have smoked or consumed alcohol, when they have. The measurement of these confounders is particularly important as alcohol consumption can influence performance on the neurobehavioral tests, and smoking may be linked to neuropathy, 36 therefore influencing vibration sensitivity. However, the desirability bias is unlikely to be associated with OP exposure. Previous head injuries which has been associated long-term cognitive deficits was included as a confounder in multivariate analysis. 37 The results in Tables 3-5 however, did not show an effect of previous head injury on cognitive function (digit span test) but a consistently strong and significantly improved performance in sensory testing (vibration sense test) among those that reported a previous head injury compared to those that did not. The latter finding is counter intuitive and could not be explained by the authors Lastly, the study design was a cross-sectional one. We could therefore only measure associations at one point in time. A longitudinal design where the outcomes and exposures are measured and monitored repeatedly is a stronger design.
| CONCLUSION
This study has provided some evidence that the XMEs, rs1799931
(NAT2), rs662 (PON1) and the null allele of GSTM1 may modify OP Summary of associations between vibration sense and OP JEM days adjusted for confounders, a first not stratified and including XME variant and XME effect modification in model (n = 301) and second stratified by XME variant Base exposure group for OP JEM days: 0 days (non-exposed participants). Base XME genetic groups: GSTM1: Yes.
a Confounders: gender (male/female), age (≤39 years/>39 years), education (≤9 years schooling/>9 years schooling), language (Afrikaans/other language), smoking (yes/no), psychiatric illness (yes/no), current alcohol consumption (yes/no), previous head injury (yes/no), and low socioeconomic status (yes/no).
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